Flow stress behavior of Ni-42.5Ti-7.5Cu studied and modeled for the first time. The model considered the compensation of both strain and strain rate. DRX was postponed when logarithm of Z parameter was around 33 at strain rate of 0.001 s À1 and 900 C. Ti(NiCu) 2 Precipitates, formed via SIP during deformation, postponed DRX. a r t i c l e i n f o 
Introduction
NiTi alloys are the most promising shape memory alloys in term of industrial applications. These alloys exhibit unique properties such as excellent resistance to corrosion in most corrosive media, high yield strength, enhanced abrasion resistance and good functional properties or shape memory effect. As a result, the NiTi alloys have been widely used in many industrial fields such as biomedical, automotive, aeronautic etc [1e5] . However, in order to process these alloys for such applications, they should go through the common manufacturing processes. The foremost of these processes is the hot deformation of NiTi alloys.
Generally, there are two restoration mechanisms, DRX (dynamic recrystallization) and DRV (dynamic recovery). Depending on the temperature and strain rate as well as the materials characteristics, one of them can be the controlling mechanism [6] . It was reported that dynamic recrystallization (DRX) is the dominant restoration mechanism for Ni60wt%-Ti40wt% intermetallic alloy when deformed at 950e1150 C [7] . In another research work carried out by JIANG et al., dynamic recrystallization characteristics were observed in true stressestrain curves of as-cast NiTi samples at strain rates higher than 0.01 s À1 while at strain rate of 0.001 s
À1
dynamic recovery was observed rather than dynamic recrystallization [8] . It is also reported by Morakabati et al. that at temperature range of 800e1000 C, dynamic recrystallization is dominant restoration mechanism in as-cast NiTi and NiTiCu alloys [9] . There are many studies regarding the effects of rolling parameters as well as annealing [10e12] and marforming/ausforming [13e16] treatments on the shape memory properties of near equiatomic NiTi alloys. Also, a number of studies have been carried out on the hot deformation behavior of equiatomic NiTi alloys [17e 19]. The hot formability of Ni-rich NiTi alloys has not been paid enough attention though the hot workability of type 60Nitinol was recently studied by authors. It is reported that the 60Nitinol suffers from insufficient workability during its hot deformation [7] . Thus, in this research, in order to improve the hot deformability of 60Nitinol, the Cu (7.5 %wt) was added to this alloy and consequently the Ni content was reduced to 50wt% instead. The increased deformability of the alloy due to the Cu addition and reduction in Ni content can be attributed to the higher DRX imparted by lower SFE (stacking fault energy, Lower SFE materials display wider stacking faults and lower mobility of dislocations) of Cu (70 mJ m À2 ) in comparison to Ni (90 mJ m À2 ).
Experimental procedure
The ternary NiTiCu (Ni-42.5Ti-7.5Cu in wt%) alloy was investigated in this study. The high-purity Ni pellets (Ni > 99.99wt%), grade 1 titanium plates (Ti > 99.97wt%) and Cu sheets (Cu > 99.99wt%) were used to prepare ingot using a middlefrequency (2.75 kHz) vacuum induction melting (VIM) in a graphite crucible. Homogenization heat treatment was conducted at 1000 C for 1 h. Cylindrical compression samples of 12 mm height and 8 mm diameter were prepared from the homogenized ingot according to the ASTM E209 using electro-discharge machining (EDM).
Hot compression tests were carried out only once for each sample. However, first, some extra tests were carried out on dummy specimens so as to adjust and fix the effects of deviations in sample geometry and lubrication as well as the machine calibration or set-up. After overcoming these problems, we did our tests on the real hot deformation samples once.
In order to minimize the effect of friction boron nitride used as the lubricant material between the contacting surfaces of samples and anvils. The compression tests were then carried out by Zwick Roell 250 kN hot deformation machine at the temperatures of 800 C, 900 C, 950 C and 1000 C. The strain rates varied from 0.001 s À1 to 1 s
À1
. Before start testing, all the specimens were reheated to 1000 C in a furnace next to the hot deformation machine, held for 3 min. They were then placed and hold for 5 min in the furnace of the hot deformation machine at testing temperature. The specimens deformed under compression isothermally to true strain of 0.8. Finally, they were water cooled after deformation. The load-displacement data gathered from compression tests were then processed to plot the true stressetrue strain curves and to model the deformation behavior.
Results and discussion

Flow curves and microstructure
As shown in Fig. 1 , the stressestrain curves are completely sensitive to the deformation temperature and strain rate. Usually true stressestrain curves are divided into four regions (work hardening stage, transition stage, softening stage and steady stage). Mentioned four regions are marked in Fig. 1(a) . However, it can be seen that the transition stage cannot be separated easily from work hardening stage. The influence of strain rate on the true stressetrue strain curves at 1000 C is presented in Fig. 1(b) , indicating that flow stress increases as the strain rate rises. All flow curves presented in Fig. 1 are typical of DRX curves because they are characterized by initial work hardening up to a peak stress followed by a softening region until reaching a plateau or steady state [6, 7] . However, at higher strain rates, i.e. strain rate of 1 s
À1
, the steady stage was not observed clearly. This implies that at mentioned strain rate, the DRX is restricted comparing to lower strain rates. This is in consistent with ZenereHollomon parameter because, an increase in strain rate leads to higher Z parameter which means DRX will be postponed. Consequently, the steady state region is not so distinctive.
The true stressestrain curves regarding the deformation at different temperatures and at constant strain rate of 0.001 s À1 are illustrated in Fig. 1 (c). As expected, the flow stress increased with decreasing the deformation temperature. It can be observed that at the temperature of 800 C, the level of flow stress is considerably higher than those of other investigated temperatures. The similar behavior was observed for other strain rates concluding the fact that the hot workability of this alloy being much more restricted when deformation temperature is lower than 900 C. The effect of strain, strain rate and temperature on the work hardening rate ðq ¼ ðs= 3Þ _ 3; TÞ during hot deformation of studied alloy are plotted in Fig. 2 . As expected, increasing the strain, there is a sharp drop in the work hardening rate for all conditions until reaching to a plateau. At all strain rates, the slope of work hardening rate vs. true strain regarding 800 C is much sharper than those regarding other temperatures. Generally speaking, a negative value of work hardening rate is associated with the flow softening due to the occurrence of DRX. Therefore, the minimum value of q corresponds to the maximum softening rate [20, 21] . The work hardening values of specimens deformed at 800 C are much higher than those samples deformed at higher temperatures. This implies that this temperature (800 C) is below the Tnr (nonrecrystallization temperature) for this alloy. That is why, according to Fig. 2 , except for the strain rate of 0.001 s
, there is no clear inflection point in the work hardening rate vs. true strain curves. Thus, after the initial sharp increase in work hardening, it decreases sharply as well. However, at the strain rate of 0.001 s
, it seems that there is enough time for some restoration to occur due to the lower strain rate.
Work hardening rate vs. true stress pertaining to the specimen deformed at 800, 900 and 1000 C and at the strain rate of 0.1 s À1 exhibits three regions, as shown in Fig. 3(a) . In the first region, the work hardening rate decreases almost linearly with increasing stress until it reach to s sub which is known as the stress required for the formation of sub-structure. In the second region, the decrease in slope is less pronounced until reaching to s c where DRX is initiated. In the third region, q declines with a higher slope again till q ¼ 0 at s p [20, 21] . The work hardening rate corresponding to the s c for samples deformed at 900 and 1000 C (approx. 2500 Mpa) are significantly lower than the related work hardening rate for sample deformed at 800 C (7000 Mpa). However, referring to Fig. 3(b) , at strain rate of 0.001 s
, this value decreased to approx. 2000 Mpa which can be due to the restoration occurred at of 0.001 s
, as mentioned previously.
Constitutive modeling
In this study, constitutive equations were applied to model the flow stress of Ni-42.5Ti-7.5Cu (wt%) alloy. The Arrhenius type equation is widely used to describe the relationship between the strain rate, flow stress and deformation temperature [22e25]:
where _ 3 is the strain rate (s À1 ), R is the universal gas constant (8.314 J mol À1 K À1 ), T is the absolute temperature (K), Q is the activation energy of hot deformation (J mol À1 ), s is the peak stress (MPa) and A, a and n are the material constants. In the case of as < 0.8, then sin hðasÞyas and, Eq. (1) can be simplified as Eq. (2):
where; A 1 ¼ a n is material constant. In the case of as > 1.2, then sin hðasÞy0:5expðasÞ and Eq. (1) can be modified as Eq. (3):
where A 2 ¼ A=2 n and b ¼ na.
Then, Eq. (4) and Eq. (5) are obtained by taking the logarithm of Eq. (2) and Eq. (3), respectively:
The values of n and b can be obtained from the lines slope in ln_ 3 À ln s and ln_ 3 À s plots, respectively. Moreover, the Zenere Hollomon parameter can be used to describe and to model the interaction between temperature and strain rate during the hot deformation of materials in an exponent-type equation. Lin et al. [26] modified the ZenereHollomon parameter (Z) considering a 
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compensation for both strain and strain rate and, revised it as Eq.
:
Then, the flow stress (s) can be written as a function of Zenere Hollomon parameter, Eq. (7), considering the definition of the hyperbolic law:
For any given strain rate, differentiating Eq. (1) 
Then, the value of Q can be calculated from the lines slope of ln sinh(as)eT À 1 plots and submitting n parameter into Eq. (10).
Z value can now be predicted by substituting Q and the amounts of other deformation constants into Eq. (6). Consequently, the value of A can be computed. Therefore, the values of material constants n, a, Q and A can be obtained at different deformation strains of 0.05e 0.8 with the interval of 0.05. The relationships among the true strain with n, a, Q and ln A for Ni-42.5Ti-7.5Cu (wt%) are illustrated in Fig. 4 . Also, they are presented as 5 order polynomial fitted by the compensation of strain i.e. Eq. (11). The polynomial fitting results for n, a, Q and ln A regarding the investigated alloy, are summarized in Table 1 .
Substituting the constants shown in Table 1 into the Eqs. (6), (7) and (11), the stressestrain curves can be predicted at different temperatures and strain rates. Comparison illustrated in Fig. 5 provides good agreement between predicted and experimental results. In order to verify this accuracy, the predicted versus measured values are plotted in Fig. 6 . The high correlation factor in the linear regression (98.59) indicates that developed model has excellent capability to predict the flow behavior of this alloy.
It is worth mentioning that errors always are introduced to the hot deformation tests that can affect test results. This indicates the importance of mathematical modeling of hot deformation behavior. For example, as can be seen in Fig. 5(a) , the experimental hot deformation curve with parameter set of 800 C and 0.1 s À1 looks slightly different from the others. Nevertheless, this inconsistency, which was result of external errors, cannot be observed in the modeled hot deformation curve.
Microstructural evolutions
In order to integrate the effect of temperature and strain rate on microstructural evolutions, the peak strains can be plotted against the Z parameter. The values of Z were calculated using Eq. (6) and the value of Q determined from Eq. (11) . The results are shown in Fig. 7 for all studied temperatures.
It was expected to observe continuous increase in strain peak with increasing ln Z (schematic dashed line in Fig. 7) . However, at 900 C, abnormal increases were observed where Ln Z value was about 33. This implies that the occurrence of DRX can be postponed under mentioned conditions associating to strain rate of 0.001 s À1 at 900 C.
Referring to past works [27, 28] , solute atoms or precipitation of second phase particles can delay or even hinder DRX. It seems that the increase in peak strain can be attributed to the competition between DRX and another dynamic process such as strain induced precipitation (SIP).
Initial microstructure of the alloy after homogenization can be observed in Fig. 8(a) . Also, microstructure of the alloy deformed 900 C up to strain of 0.15 can be seen in Fig. 8(b) . Fig. 8(b) presents the precipitates that were not observed in Fig. 8 (a) implying they were formed during deformation. The existence of such precipitates, observed mostly on grain boundaries as well as in the matrix, implies that such precipitates can be formed by the influence of imposed strain, so-called SIP. The EDS results of the precipitates, shown in Fig. 9 , are summarized in Table 2 . These particles were identified as Ti(NiCu) 2 . As pointed out, these precipitates are formed via strain induced precipitation (SIP) leading to the retardation of DRX. In such a case, the slow rate of restoration results in the strain accumulation. As dislocations act as preferential nucleation sites for precipitation, this promotes the SIP process. After their formation, the fine intermetallics of Ti(NiCu) 2 pin the grain boundaries through Zener effect. As a result, the grain boundary migration via bulging mechanism, the characteristics of DRX, is prevented. . Compared with Fig.10 (b) , more precipitates can be observed in Fig.10 (a) mostly around grain boundaries. Pining effect of these precipitates resulted in retardation of DRX. There is almost no sign of DRX up to strain of 0.05 (Fig.10(c) ). On the other hand, Fig.10 (b) shows bulging of grain boundaries that are frequently observed before the DRX grains are formed completely. This is known as the strain induced boundary migration (SIBM) mechanism [29] . The new formed grains deform while they are growing. Therefore, the buildup of stored strain energy in the new grains may reduce the driving force for their growth to continue, but increase the frequency of initiation of new grains. Consequently, dynamically recrystallized grains nucleate at the original grain boundaries forming a ''necklace'' type structure. Although SIP can also be seen in Fig. 10(d) on grain boundaries, it is not dominant mechanism compared with bulging mechanism.
In other words, at the higher strain rate, the shorter is the time for the occurrence of SIP. Thus, under the conditions that DRX is dominated, as the stored energy is consumed, the SIP is either postponed or restricted completely. By contrast, at lower strain rate, although the Z value is lower, the occurrence of DRX may be retarded due to strain induced precipitation.
Conclusions
The effects of temperature and strain rate on the hot deformation behavior of Ni-42.5Ti-7.5Cu alloy were studied. Then, the constitutive equations were developed to model the hot deformation behavior of Ni-42.5Ti-7.5Cu alloy. Due to the insufficient workability during the hot deformation behavior of intermetallic alloys such as Ni-42.5Ti-7.5Cu, these equations can be used to analyze and study the hot formability of this alloy. Although, the intermetallic alloys can hardly undergo dynamic recrystallization (DRX), the stressestrain curves of Ni-42.5Ti-7.5Cu exhibit the typical of DRX curves. That is because they are characterized by initial work hardening up to a peak stress followed by a softening region until reaching a plateau or steady state. However, at higher strain rates, e.g. strain rate of 1 s
À1
, the DRX is restricted comparing to lower strain rates. This is in consistence with ZenereHollomon parameter because an increase in strain rate leads to higher Z parameter which means DRX will be postponed. The precipitates, which were not presented in the initial microstructure, were observed on the grain boundaries as well as in the matrix after hot deformation. This implies that precipitation may actually be stimulated by the influence of imposed strain via strain induced precipitation (SIP) mechanism. This in turn contributes to the retardation of DRX. According to the EDS results, the precipitates were identified as Ti(NiCu) 2 . 
